Bipolar moss species, extreme examples of large and disjunctive geographical ranges, belong to the most important components of the vegetation cover in Antarctica. Their appropriate taxonomic interpretations are essential for fine-scale biogeographical considerations but our knowledge on their phylogenetic affinities still remains limited. Here, we address the history of the Antarctic populations of Drepanocladus longifolius, a moss species widely considered a bipolar taxon. First, based on a worldwide sampling, we verify its assumed bipolar status. Then, we ask whether its current Antarctic populations have persisted throughout at least the last major glaciation in situ or, alternatively, are they a recent, postglacial element. Phylogenetic analyses together with investigation of morphological characters were used to infer relationships among accessions representing the whole distribution range of the taxon. Morphological and phylogenetic data strictly segregated specimens from the Southern and the Northern Hemisphere, with an exception of Australian populations that were included in the latter group. The Antarctic, subAntarctic and South American populations belong to a single clade and are treated as D. longifolius s. str., which consequently is not a bipolar taxon. All Northern Hemisphere populations and the ones from Australia represent D. capillifolius, a lately neglected taxon, which thus displays a true bipolar distribution pattern but not comprising the Antarctic and South American populations. These results provide a sound example of key importance of a detailed taxonomical and phylogenetic treatment as a basis for biogeographical studies. In D. longifolius s. str., a homogeneity in all non-coding nuclear and plastid regions was observed throughout the whole range. It contrasted with the presence of one missense mutation in the rps4 gene in all examined Antarctic populations, which correlated with their distinct ecological situation. While identity of non-coding sequences in D. longifolius populations indicates a postglacial recruitment of extant Antarctic populations from extra-regional locations rather than a long-term in situ survival, the mutation in the rps4 gene may be hypothesised to reflect an adaptive response of plants to the Antarctic environment.
Introduction

Evolutionary history of the Antarctic moss flora
Antarctic terrestrial and freshwater habitats are believed to have been almost entirely destroyed during glaciations in the Pliocene (5-2.6 Ma) and the Pleistocene (2.6 Ma-10 Ka), including the Last Glacial Maximum (LGM; around 22-17 Ka) (Convey et al. 2008 (Convey et al. , 2009 . Nonetheless, it is likely that some species of lichens and mosses could have survived this climatic disaster in local refugia, for example, in the Mount Kyffin area in southern Victoria Land (Green et al. 2011) . Extant terrestrial vegetation communities in Antarctica are mostly composed of cryptogamic species, especially bryophytes and lichens that are accompanied by significant numbers of species of microalgae and cyanobacteria (Ochyra et al. 2008a ). The greatest diversity of bryophytes is described from the Antarctic Peninsula and Scotia Arc archipelagos, whereas in the coastal continental Antarctic, few species can survive the extreme conditions (Peat et al. 2007; Ochyra et al. 2008a; Convey 2013) .
Colonisation of the Antarctic continent presents considerable challenges. This is due, among others, to the influence of oceanic fronts and strong circumpolar currents which encircle the Antarctica, increase its isolation and could have prevented many taxa from dispersing to this continent. Despite this, a recent (postglacial) origin for most of the bryophyte flora has been suggested (Peat et al. 2007; Ochyra et al. 2008a; Fraser et al. 2012; Kato et al. 2013; Biersma et al. 2018) . On the other hand, abundance of plant fossils combined with a relatively high degree of endemism observed in some groups suggest that this continent may have played an important role in shaping biodiversity and plant distributions in the Southern Hemisphere. Indeed, some recent molecular studies indicated genetic isolation of Antarctic populations and supported possible long-term persistence within fragmented Antarctic habitats of such terrestrial organisms as springtails (Arthropoda: Collembola) (Stevens and Hogg 2003; McGaughran et al. 2010; McGaughran et al. 2011) , midges (Arthropoda: Diptera) (Allegrucci et al. 2006) , mites (Arthropoda: Acari) (Mortimer et al. 2011) , green algae (De Wever et al. 2009 ) and, more recently, also bryophytes (Hills et al. 2010; Pisa et al. 2014; Biersma et al. 2017) . Nevertheless, knowledge on the biogeographical history of the extant Antarctic terrestrial biota remains rudimentary and reconstructing a framework of colonisation and dispersal events within a phylogeographic context is much needed for various taxonomical and biogeographical elements.
To date, few possibly comprehensive molecular studies on Antarctic bryophytes are at hand to assist the discussion on their history throughout the glacial events of the Pleistocene. Available case studies suggest that the present-day Antarctic moss flora has been shaped by two dissimilar processes, namely post-LGM colonisation and range expansions from putative glacial refugia distributed in continental Antarctica (Hills et al. 2010; Kato et al. 2013; Pisa et al. 2014; Biersma et al. 2017 Biersma et al. , 2018 . During the LGM, all low-altitude coastal regions in the maritime Antarctic are thought to have been covered by grounded ice and ice shelves, both probably extending away from the coastline (Convey et al. 2008 ). Based on current glaciological reconstruction, only two potential refugia were proposed in coastal areas of this region, at Alexander Island (for nematodes and microbes) and at Marguerite Bay (for arthropods) (Convey et al. 2009 ). In the coastal continental Antarctic regions, some biological and geological data support the existence of terrestrial and freshwater habitats throughout the Pleistocene and back to, at least, 1-2 Ma, if not to the Miocene glaciations of 3-5 Ma (Peat et al. 2007 , and references therein). For example, Hills et al. (2010) and Pisa et al. (2014) supported Pleistocene persistence of a moss species Bryum argenteum Hedw. in Victoria Land refugia, suggesting that geothermal habitats in Antarctica might have played a key role in the long-term presence of moss species. Similarly, Biersma et al. (2017) investigated genetic variation among Antarctic populations of Polytrichum juniperinum Hedw., and have suggested their long-term presence within Antarctica. In addition to molecular studies, Burgess et al. (1994) recorded moss sub-fossils from lake sediments dated to at least 24,950 B.P. from the Larsemann Hills, providing an indication that some moss species could have survived the formation of the permanent ice sheets.
Bipolar plant distribution: a fascinating biogeographical phenomenon
The bipolar plant disjunctions belong to the most fascinating biogeographical phenomena. Bipolar disjunctive plants are distributed in the cool-temperate and polar regions of both the Northern and Southern Hemispheres with or without intermediate populations in tropical mountain areas, but absent from the tropical lowlands (Du Rietz 1940) . The vast majority of bipolar disjuncts are clearly of Holarctic origin. There are only very few examples of mosses of Holantarctic origin and thus of the opposite way of dispersal, for instance Andreaea mutabilis Hook.f. & Wilson (Murray 1988) , Bucklandiella lamprocarpa (Müll.Hal.) Bedn.-Ochyra & Ochyra (Ochyra et al. 1988; Bednarek-Ochyra and Ochyra 1998) and Polytrichum juniperinum ).
The mosses include many drought-tolerant taxa with lightweight spores and therefore candidates for long-distance dispersal (Van Zanten and Pócs 1981) . Interestingly, bipolar species belong to the most widespread and common biogeographical elements among Antarctic mosses and constitute nearly half of the moss flora of Antarctica (Ochyra et al. 2008a) . The problem of bipolar taxa of bryophytes has been discussed in many accounts (e.g. Schofield and Crum 1972; Schofield 1974; Schuster 1983; Ochyra and Zander 2002; Ochyra and Buck 2003; Ochyra et al. 2008b; Biersma et al. 2017; Lewis et al. 2017) . It should be highlighted, however, that in many cases, the biogeographical status of species clearly depends on their taxonomic circumscriptions. Misidentification of species is one of the most problematic issues in resolving the biogeographical and evolutionary origins of bipolar taxa in Antarctica.
Here, we dissect this problem using an example of a plant species with controversial delimitation which heavily affects its biogeographical circumscription: the pleurocarpous moss species Drepanocladus longifolius (Mitt.) Paris.
Competing circumscriptions of Drepanocladus longifolius
While Drepanocladus longifolius has long been considered a Southern Hemisphere species, at present, it is usually treated as a bipolar species (Hedenäs 1998 (Hedenäs , 2003 (Hedenäs , 2008 Dierßen 2001; Hill et al. 2006; Ignatov et al. 2006; Hedenäs and Rosborg 2008) . It results from a taxonomic decision assuming its conspecificity with D. capillifolius (Warnst.) Warnst., a species distributed in the Northern Hemisphere (Hedenäs 1997) .
Drepanocladus longifolius is a distinct pleurocarpous species which is readily recognised by its lanceolate and gradually long-acuminate leaves with a strong, percurrent to longexcurrent costa (Ochyra et al. 2008a) . As is the case with other mosses associated with aquatic or otherwise wet habitats, this species exhibits a remarkable phenotypic plasticity and consequently some distinct phenotypes have been recognised as species in their own right. Altogether, five additional species and one variety with stout and excurrent costae were described and placed in the genus Drepanocladus (Müll.Hal.) G. Ochyra (1986) to place it in a separate genus Richardsiopsis Ochyra. All these taxa were critically revised by Hedenäs (1997) who merged them with D. longifolius, except for D. perplicatus which was accepted as a separate species, with S. lacustre being conspecific with it. Thus, the Southern Hemisphere D. longifolius has been considered conspecific with the Northern Hemisphere D. capillifolius making it a bipolar species. The status of D. longifolius as a bipolar species has gained wide acceptance. It has been maintained that D. longifolius has a panholarctic distribution from the northern temperate to the southern arctic zones in the Northern Hemisphere and recurs in the Southern Hemisphere where it ranges throughout the South American Cordillera from Colombia to Tierra del Fuego and the Falkland Islands (Hedenäs 1997 (Hedenäs , 1998 (Hedenäs , 2003 (Hedenäs , 2008 and extends also to the northern maritime Antarctic and southeastern Australia (Ochyra et al. 2008a) .
In contrast, some authors claimed the specific distinctness of Drepanocladus longifolius and D. capillifolius on account of their morphology and anatomy, habits and geographical distribution. In his world taxonomic monograph of the D. aduncus (Hedw.) Warnst. group, Żarnowiec (2001) treated D. capillifolius as a distinct species with a pan-borealtemperate range in the Holarctic and which differs in a set of morphological characters, including the shape of the alar cells from D. longifolius. This concept has also been supported by Ochyra and Matteri (2001) and Ochyra et al. (2008a) .
The source of the discussed problem lies presumably in the great phenotypic variability among members of presented genus (Hedenäs 1998; Vanderpoorten et al. 2002a Vanderpoorten et al. , 2002b . So far, published phylogenies have shown incongruence between molecular and morphological data sets for representatives of Drepanocladus s. str. (Hedenäs and Rosborg 2008; Hedenäs 2008 Hedenäs , 2011 . It has been unclear whether this variation is induced by environmental factors, or if there is a genetic component as well (Hedenäs 2008) . It has been often explained by frequent homoplasy among morphological characters, possibly associated with particular habitat conditions (Żarnowiec 2001; Shaw et al. 2008; Stech et al. 2008; Hedenäs 2008) . Despite this, the shape of the costa and alar cells has been reported as stable morphological diagnostic characters in this group (Żarnowiec 2001) .
Drepanocladus longifolius-recent colonist or in situ survivor?
Contemporary Antarctic populations of D. longifolius are known exclusively from the maritime Antarctic (Ochyra et al. 2008a; Li et al. 2009 ). The recent origin of the Antarctic populations may be supported by occurrence of this species on sub-Antarctic islands and on neighbouring lands of South America and Australia. Moreover, sub-fossil findings in the Admiralty Bay area on King George Island, dated to 4950 B.P., also point to recent colonisation of this moss species (Birkenmajer et al. 1985) .
On the other hand, aquatic forms of Drepanocladus longifolius from the Antarctic differ considerably from nonAntarctic populations. Antarctic forms of D. longifolius are apparently unique amongst other aquatic mosses in being submerged in water of lakes (Li et al. 2009 ). Moreover, it has never been reported on ground around the lakes, whereas other mosses are land forms which have become adapted to the aquatic environment. In contrast, plants from South American mainland and Tierra del Fuego usually thrive in swampy habitats and are seldom submerged in pools and streams. Being permanently submerged in deepwater results in admittedly different morphology. Aquatic mosses significantly differ from their terrestrial counterparts in size and shape of the leaves (Priddle 1979) . Accordingly, Antarctic forms have straight, narrowly lanceolate and long-acuminate leaves, whereas the South American plants have predominantly strongly falcato-secund leaves (Ochyra et al. 2008a; Li et al. 2009 ).
Due to the morphological variability between the plants of Drepanocladus longifolius from the maritime Antarctic and South America, we are particularly interested in the origin, colonisation history and the degree to which Antarctic populations are genetically isolated from those in other Southern Hemisphere landmasses.
Goals of this study
With this study, we aim to contribute to an understanding of Antarctic biogeography. First, we assess the accurate taxonomic status of the austral and boreal populations of Drepanocladus species with excurrent costae to support or to refute the bipolar status of D. longifolius. After establishing the large-scale framework, we address phylogeographical relationships and genetic divergence of the populations of D. longifolius in the Southern Hemisphere with a special focus on possible origins of populations from the sub-Antarctic and Antarctic. More specifically, we address the following questions: whether the extant local populations of D. longifolius represent ancient floras which survived LGM in situ or, alternatively, have dispersed more recently in the postglacial period from disjunct populations located outside Antarctica (e.g. South America, sub-Antarctic islands, Australia). Finally, we briefly discuss our results in terms of the assembly processes of sub-Antarctic and Antarctic moss floras and of the challenges in accurate interpretation of bipolar taxa.
Material and methods
Plant material and taxon sampling
Plant sampling for our study was based on collections deposited in the bryophyte herbarium of the W. Szafer Institute of Botany, Polish Academy of Sciences (KRAM). This possibility allowed us to overcome the main problem of obtaining a meaningful geographical sampling, especially from the Southern Hemisphere and including the Antarctic region. We sampled from the whole distribution range of the species.
A total of 42 collections of the broadly defined Drepanocladus longifolius sensu Hedenäs (1997) were used in the phylogenetic analyses ( Fig. 1 ; Table 1, Supplementary  Table 1 ). In the case of the Northern Hemisphere, analysed plant material originated from North America (USA: Nevada, Colorado; Canada: Ontario, Yukon, Alberta), Asia (Russia: Siberia) and Europe [Poland; in addition, one specimen from Sweden deposited in the Swedish Museum of Natural History (SB52662) was verified taxonomically; DNA sequences of this specimen had been already available in the public database]. The Southern Hemisphere material included plants from all disjunct parts of the species distribution: South America, Australia, sub-Antarctic islands (South Georgia, Îles Crozet, Îles Kerguelen) and peri-Antarctic islands, including Signy Island (South Orkney Islands), King George Island and Livingston Island (South Shetland Islands), and Vega Island and James Ross Island (James Ross Island group off the Nordenskjöld Coast on the east coast of the Antarctic Peninsula). We also included two specimens which were identified by Hedenäs (1997) as D. perplicatus, accepted as a separate species with excurrent costae. This species was considered a South American endemic known from altimontane elevations in the Andes of Ecuador and Peru, the Serra do Itatiaia in south-eastern Brazil and Patagonia (Hedenäs 1997) .
Our original sequences (185) were supplemented by 103 sequences previously published by Hedenäs and Rosborg (2008) and Vanderpoorten et al. (2003) to enlarge the taxon sampling ('extended data set' hereafter). Seventeen species in total were included in the analysis. Nine of them represented the genus Drepanocladus as well as supposedly D. latinervis Warnst. (species identification according to Hedenäs and Rosborg (2008) and marked here as Drepanocladus sp.). Based on the species circumscription of Vanderpoorten et al. (2002a Vanderpoorten et al. ( , 2002b and phylogenetic studies of Hedenäs and Rosborg (2008) showing the close relationship of Drepanocladus and Pseudocalliergon (Limpr.) Loeske, we additionally included five species which represent the latter genus. Finally, three species were designated as outgroup taxa, based on previous analyses (Vanderpoorten et al. 2002a (Vanderpoorten et al. , 2002b (Vanderpoorten et al. , 2003 Geographical origin of the material studied, herbarium specimen and GenBank accession numbers of sequences are provided in Table 1 and in Supplementary Table 1 .
Morphological analysis and taxonomic verification of specimens used in the genetic analysis
Identification of all specimens used for DNA isolation was critically verified taxonomically. The general morphology of all individual specimens was analysed using a stereomicroscope. More detailed observations on their anatomical structure were examined under a compound microscope.
DNA extraction, PCR amplification and sequencing
Dried plant material was ground using a TissueLyser II (Qiagen, Hilden, Germany) and whole genomic DNA was isolated using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Due to difficulties in amplification of regions from the degraded DNA inherent in herbarium samples, genomic DNA of all investigated samples was additionally purified and concentrated prior of PCR reaction using the Genomic DCC™-10 (Zymo Research Corporation, Irvine, California, USA). We targeted seven DNA regions. Five of them were previously used for phylogenetic inference in the group (Hedenäs and Rosborg, 2008) . Additionally, we assessed utility of two further chloroplast DNA (cpDNA) regions previously unexplored in the genus (rps4 gene and atpH-atpI intergenic spacer). Thus, from the chloroplast genome, we sequenced intergenic spacers atpB-rbcL, atpH-atpI, trnL gene plus the adjacent trnL-trnF (GAA) spacer together as a single amplicon (trnL-F), transfer RNAGly (UCC) intron (trnG), intron of the rpL16 gene (rpL16) and 30S ribosomal protein S4 gene (rps4). The nuclear genome was represented by the ITS1-5.8S-ITS2 ribosomal DNA region (ITS). Primer names and sequences for all genomic regions utilised in this study are listed (Supplementary Table 2 ).
PCR amplification of the chloroplast regions was based on two protocols. A basic protocol used 25 μL reaction volumes containing 1× RedTaq PCR reaction buffer (Sigma-Aldrich, St. Louis, Missouri, USA), 0.2 mM dNTPs in equimolar ratio (Sigma-Aldrich, St. Louis, Missouri, USA), 0.08 mg/ml bovine serum albumin (New England BioLabs, Boston, Massachusetts, USA), 0.05 U/μL RedTaq DNA polymerase (Sigma-Aldrich, St. Louis, Missouri, USA), 0.2 μM each of the primers (Sigma-Aldrich, St. Louis, Missouri, USA) and 1 μL template DNA. The amplification conditions were as follows: 80°C for 5 min (initial denaturation), followed by 35 cycles of 1 min at 95°C (denaturation), 1 min at 50°C (annealing) with a ramp of 0.3°C/s, 4 min at 65°C (extension), followed by 5 min at 65°C (final extension). When this regime failed, a second protocol was used with 25-μL reaction volumes containing 1× AccuTaq LA buffer (Sigma-Aldrich, St. Louis, Missouri, USA), 0.4 mM dNTPs in equimolar ratio (Sigma-Aldrich, St. Louis, Missouri, USA), 0.2 U/μL AccuTaq LA DNA polymerase (Sigma-Aldrich, St. Louis, Missouri, USA), 0.32 μM each of the primers (SigmaAldrich, St. Louis, Missouri, USA) and 1 μL template DNA. The following PCR profile was used for this reaction: 96°C for 30 s, 35 cycles of 1 min at 94°C, 45 s at 48°C and 10 min at 68°C, followed by 30 min at 68°C. Amplification of nuclear ITS was carried out using the RedTaq reaction mix as described above and the following cycling protocol: 5 min at 94°C, 35 cycles of 1 min at 94°C, 1 min at 48°C and 1 min (increased by 4 s per cycle) at 72°C, followed by 5 min at 72°C. ITS1 and ITS2 regions were amplified separately to increase PCR success. Amplification products were checked on 1% agarose gel and amplicons were cleaned using the DCC™-5 (Zymo Research Corporation, Irvine, California, USA). Sequencing was completed using BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, San Jose, California, USA) together with BDX64 Sequencing Enhancement Buffer (Nimagen, Nijmegen, Netherlands), performed according to the manufacturer's protocol for 32× dilution. Cycle sequencing reaction was: 3 min at 96°C, followed by 30 cycles of 10 s at 96°C, 5 s ig. 1 Geographical distribution of the studied accessions and detected genetic lineages corresponding to Drepanocladus longifolius (blue dots) and D. capillifolius (green triangles) according to present circumscription.
In addition, populations of D. longifolius bearing a missense mutation in the rps4 gene are marked with blue stars 
at 50°C and 2 min at 60°C. The products were sequenced in two directions using the amplification primers. All amplification and sequencing reactions were carried out using Mastercycler Nexus GSX1 and Nexus SX1e thermocyclers (Eppendorf, Hamburg, Germany). Sequencing products were purified using ethanol/EDTA precipitation and separated on ABI Prism 3130 automated DNA sequencer (Applied Biosystems, Foster City, California, USA). All newly generated sequences were deposited in the National Center for Biotechnology Information (NCBI) GenBank database.
Sequence data alignment
Sequences of each DNA region were aligned using CodonCode Aligner v.6.0.2 (CodonCode Corporation, Dedham, Massachusetts, USA) with Muscle algorithm set to default parameters. Alignments were checked by eye and trimmed manually using BioEdit v.7.2.5 (Hall 1999) . All alignments can be found in Supplementary Files 1-5. In cases where several specimens representing one geographical region with identical sequences were present, we treated them as one (see Table 1 and Supplementary Table 1) . For this purpose, identical consensus sequences were merged for certain genetic and geographical region, and subsequently were used in the analyses. In the case of DNA regions previously used by Hedenäs and Rosborg (2008) and Vanderpoorten et al. (2003) , our data were aligned together with these external sequences imported from the NCBI GenBank database.
For the remaining two newly explored cpDNA regions (atpH-atpI, rps4) for which no earlier data were available, pairwise distance values (p-distance) were calculated using MEGA7 v7.0.14 (Kumar et al. 2016 ) to assess sequence identities within our own data set.
Phylogenetic analysis-atpB-rbcL, rpL16, trnG, trnL-trnF and ITS
We employed Bayesian phylogenetic inference (BI) and maximum likelihood (ML) analyses to establish relationships among the studied populations including testing probable delimitation of southern and northern populations of Drepanocladus longifolius s.l. and assessing genetic diversity and affinities of the Antarctic populations.
BI and ML analyses were performed independently for the combined chloroplast sequence data set (cpDNA) and for the nuclear ITS. Assuming linked inheritance, all available cpDNA sequences were concatenated into a single data set (atbB-rbcL + rpL16 + trnG + trnL-trnF) with SeaView v.4.6.1. (Gouy et al. 2009 ). Samples that lacked sequence information for certain genetic regions were included but the missing nucleotide sites were marked with '?', treated by the software as missing information.
RAxML v8.2.11 implemented in the Geneious v.10.1.3 (Biomatters, USA) was used to compute a maximum likelihood tree using the GTRGAMMA model, chosen because it includes the parameter G for rate heterogeneity among sites (Stamatakis et al. 2008; Stamatakis 2014) . In RAxML, by default, G has 25 rate categories making the estimation of proportion of invariable sites (I) unnecessary because G mathematically accounts for I (Stamatakis 2006) . ML branch support was estimated using 1000 rapid ML bootstrap pseudoreplicates.
Prior to Bayesian inference, appropriate evolutionary models were selected for the concatenated data set of four aligned chloroplast regions and for the nuclear ITS region using jmodeltest v2.1.6 (Darriba et al. 2012 ). To assess probable evolutionary models, likelihood scores were computed with the following settings: 11 substitution schemes, base frequencies on (+F), the proportion of invariable sites on (+I), rate variation on with 8 rate categories (+G, nCat = 8), ML optimised base tree, NNI search algorithm. Hence, each partition was assigned an appropriate site model. According to the Akaike information criterion (AIC), the TPM1uf+G and TPM1uf+I models were selected for cpDNA and ITS data, respectively.
BI analyses were run using MrBayes v3.2.2 (Ronquist et al. 2012) . The cpDNA and ITS analyses were run for 1.0 × 10 7 generations. The first 25% of trees were discarded as burn-in, and from the remaining trees, 50% majority rule consensus Estimates of evolutionary divergence between sequences-atpH-atpI, rps4
Because of the lack of sequence information in public databases for the atpH-atpI intergenic spacer and rps4 gene for the studied group, we analysed these separately. For this analysis, evolutionary divergence over sequence pairs between created groups was estimated using MEGA7 software. We defined seven geographical groups: Europe (Poland), Asia (Russia), North America (USA, Canada), South America (Ecuador, Peru, Bolivia, Chile, Argentina, Falkland Islands, including also Drepanocladus perplicatus from Brazil), sub-Antarctic islands (Îles Crozet, Îles Kerguelen, South Georgia), peri-Antarctic islands (King George Island, Livingstone Island) and Australia. The number of base differences per site between given groups was estimated separately for the atpH-atpI intergenic spacer and rps4 gene. In addition, the coding rps4 nucleotide alignment was translated into protein alignment, using Geneious software. The open reading frame (ORF) has been chosen based on the longest ORF. To check correctness of the selected frame, we uploaded protein sequences into the NCBI blastp suite tool. Before the analysis, we successfully confirmed our protein sequence similarity to plastid 30S ribosomal protein S4 of Drepanocladus aduncus specimen with the accession number AY908241. 
Data accessibility statement DNA sequences (as listed in
Results
Morphological characters of the specimens used in the genetic analysis
Our observations performed on specimens spanning all major geographical regions of occurrence across the Northern and Southern Hemisphere confirmed the previously reported principal differences between Drepanocladus capillifolius and D. longifolius s. str. treated as two allopatric taxa (Ochyra and Matteri 2001; Żarnowiec 2001; Ochyra et al. 2008a ) and can be summarised as follows: in D. longifolius, the alar cells form a small, inflated, ovate to ovate-triangular marginal auriculate group in the leaf angles, sharply separated from the adjacent basal cells and occupying about one third or less of the leaf insertion; in contrast, in D. capillifolius, they form a very distinct, inflated, transversely triangular group, reaching the costa or nearly so (Fig. 2, Supplementary Fig. 1a-d) . The morphological delimitation of specimens was fully congruent with their phylogenetic delimitation (see below).
PCR amplification and sequencing success
Out of the 42 isolated DNA samples, amplification of the whole set of nuclear and chloroplast regions was successful in 16 specimens. In a further 19 isolates, we were able to obtain amplicons from large subsets of genomic regions. We were unable to produce amplicons in seven specimens, which were thus excluded from further analyses. In total, we obtained 185 individual sequences (Table 1, Supplementary Table 1) .
Phylogenetic analysis and genetic divergence
All DNA regions used were informative for the phylogenetic analysis and delimitation of Drepanocladus species with excurrent costae. The combined data set of cpDNA sequences used for the phylogenetic analysis was 1967 bp long and included 21 sequences from the respective geographical areas from our analysis, and 22 sequences from the study of Hedenäs and Rosborg (2008) (Supplementary File 1) . The ITS alignment was 712 bp long and included 15 sequences from the respective geographical areas from our analysis, 20 sequences from Hedenäs and Rosborg (2008) and one sequence from Vanderpoorten et al. (2003) (Supplementary File 2) .
We did not use sequences of the following specimens: Pseudocalliergon brevifolium (Lindb.) Hedenäs from Svalbard (Hedenäs and Rosborg, 2008) , due to alignment difficulties, and chloroplast sequences of D. longifolius from Chile (Vanderpoorten et al. 2003 ), due to low-quality sequences.
Comparison of alignment lengths, parsimony informative characters and mean pairwise distance values (p-distance) between all analysed sequences obtained from single ITS and cpDNA data set analysis are provided (Supplementary Table  3) .
No topological conflicts were found between the BI and ML analyses, which yielded identical phylogenetic structure. Thus, we presented cpDNA and ITS trees with Bayesian branch support values and maximum likelihood bootstrap percentages (Fig. 3a, b) .
The BI and ML analyses of chloroplast and nuclear sequences strongly supported two major clades in Drepanocladus longifolius s.l., segregating specimens from the Southern Hemisphere (D. longifolius s. str.) and the Northern Hemisphere (D. capillifolius), with one notable exception (see below). Monophyly of D. longifolius and D. capillifolius clades has been supported in total by nine substitutions and one indel in both plastid and ITS data.
The cpDNA tree revealed four distinct and wellsupported clades (Fig. 3a) . The nuclear ITS phylogeny showed mostly unresolved and weakly supported groups (Fig. 3b) . Nevertheless, it also clearly divided Southern and Northern Hemisphere specimens into two major and well delimited clades, Drepanocladus longifolius (PP = 0.94; BS = 85) and D. capillifolius (PP = 0.97; BS = 80), respectively. In this respect, ITS data were fully congruent with the combined chloroplast DNA data set, except that Pseudocalliergon trifarium (F.Weber & D.Mohr) Broth. sample was nested within the D. capillifolius group. This specimen in the ITS analysis of Hedenäs and Rosborg (2008) also belongs to the D. capillifolius clade (Hedenäs and Rosborg, 2008 as D. longifolius) . It should be noted that P. trifarium sample is separated from all analysed Drepanocladus species in cpDNA phylogeny also in Hedenäs and Rosborg (2008) but this discrepancy was not discussed by the authors. Unfortunately, we were unable to study this material, and thus, we treat the affinity of this specimen with caution. Besides the two above major clades obtained from ITS data, another with significant posterior probabilities grouped D. arcticus accessions (PP = 0.98; BS = 97), but unlike in the combined chloroplast data set analysis, the D. arcticus representatives grouped independently, rather than being sister to the D. latinervis and D. polygamus species.
In the case of atpH-atpI and rps4 sequences, genetic markers showed low p-distance values among defined geographical groups (0.00000-0.00402 for atpH-atpI; 0.00000- Table 4 ). Nonetheless, we observed again a clear delimitation of Drepanocladus longifolius s. str. and D.
capillifolius specimens based on genetic distances. It is supported by two substitutions and one indel among the analysed plant material (Supplementary Files 3,4) . In samples from the 
Discussion
Relationships between austral and boreal populations: complicated fate of bipolar taxa
In the first step of the present study, we attempted to circumscribe the evolutionary relationships of the Antarctic populations of Drepanocladus longifolius to verify its presumed bipolar character and thus establish a basis for a further detailed phylogeographical analysis. While currently, a wide concept of D. longifolius as a bipolar taxon predominates in literature (Hedenäs 1997 (Hedenäs , 1998 (Hedenäs , 2003 Hedenäs and Rosborg 2008) , some authors propose that populations from the Southern and Northern Hemispheres are accommodated by two distinct taxa, D. longifolius in a narrow sense and D. capillifolius, respectively (Dierßen 2001; Ochyra and Matteri 2001; Żarnowiec 2001; Ochyra et al. 2008a; Allen 2014; see also Introduction) . Distinction between these two concepts is an essential prerequisite for perceiving the history of Antarctic and other austral parts of the range.
Our morphological and molecular data sets coherently supported distinction of austral and boreal populations as two divergent, allopatric species and showed that a wide bipolar distribution is not an appropriate framework for our case study. Even though the phylogenetic trees are not fully resolved and polytomies blur specific relationships among taxa, the two evolutionary groups form monophyletic and wellsupported clades in our plastid and nuclear DNA data sets. Importantly, they are also coherently delimited morphologically based on diagnostic shape and size of the alar cells' group. Hence, Drepanocladus longifolius, comprising the Antarctic populations, is limited to the Southern Hemisphere and thus is not a bipolar species. In fact, it is a south-cooltemperate amphi-Atlantic species, having the main centre of its occurrence in southern South America, from where it penetrates into the tropics along the Andean chain and extends to the northern maritime Antarctic and sub-Antarctic islands of South Georgia, Îles Crozet and Îles Kerguelen.
N o r t h e r n H e m i s p h e r e p o p u l a t i o n s b e l o n g t o Drepanocladus capillifolius. Consequently, our data do not support the concept of Hedenäs (1997 Hedenäs ( , 1998 Hedenäs ( , 2003 and Hedenäs and Rosborg (2008) suggesting the conspecificity of D. longifolius and D. capillifolius making it a single, widely distributed bipolar species. Unexpectedly, however, the demonstrated affinity of the populations from south-eastern Australia to the otherwise northern taxon, gives D. capillifolius the status of a truly bipolar species. Thus, a bipolar taxon has indeed been identified but it does not comprise the Antarctic and South American populations.
Our case study provides a sound example of key importance of a detailed taxonomical and phylogenetic treatment as a basis for biogeographical (including phylogeographical) studies. This is especially true for large and disjunct distribution ranges exemplified at its extreme by bipolar patterns.
Antarctic populations in the context of the Southern Hemisphere phylogeography
In our comprehensive analysis based on sequences of seven DNA regions, all specimens of Drepanocladus longifolius from the maritime Antarctic populations formed a monophyletic and fully supported group that also contained plants from the sub-Antarctic islands and South America. Our analyses demonstrated a complete lack of variability in all non-coding plastid and nuclear DNA regions examined in this group. The genetic variation observed in D. longifolius was limited to a single nucleotide substitution in the rps4 gene found in the Antarctic populations from King George Island and Livingstone Island (see also next subchapter).
This general sequence similarity (with the exception of the rps4 single nucleotide substitution) among disjunct Drepanocladus longifolius populations supports the notion of its postglacial recruitment from extra-regional locations, rather than long-term persistence in situ in the Antarctic. Such a scenario is congruent with the biogeographical history of another hydrophytic Antarctic moss species, Pohlia wilsonii (Mitt.) Ochyra, for which immigration into Antarctic lakes via long-distance dispersal from southern South America was suggested (Kato et al. 2013 as Leptobryum wilsonii (Mitt.) Broth.). To date, most phylogenetic studies based on variable molecular markers support dispersal scenarios, rather than geographical vicariance, as the most probable explanation of disjunct ranges of bryophytes Vanderpoorten et al. 2008; Kato et al. 2013; Biersma et al. 2018 ; but see Hills et al. 2010; Pisa et al. 2014; Biersma et al. 2017) .
Postglacial (re)colonisation of the Antarctic by Drepanocladus longifolius is further supported by several lines of evidence. The oldest known remains of D. longifolius in the area were reported by Ingólfsson et al. (1992) (as D. cf. aduncus) from sediments deposited at Cape Lachman, James Ross Island, and dated to 9525 ± 65 years BP. These lowaltitude coastal regions in the maritime Antarctic are believed to have at most been ice-free during the last 10,000 years after the ice had retreated (Peat et al. 2007) . It therefore supports, in congruence with our data, a dynamic post-LGM colonisation of this moss species rather than its persistence throughout the Pleistocene in the maritime Antarctic.
It is very likely that Drepanocladus longifolius or a closely related taxon occurred in the Antarctic much earlier but it was eradicated from this continent following past climatic deterioration. In the exceptionally well-preserved fossils from a small moraine-dammed basin near Mount Boreas in the McMurdo Dry Valleys sector of the Transantarctic M o u n t a i n s i n Vi c t o r i a L a n d , t h e r e m a i n s o f a Drepanocladus with an excurrent costa were discovered (Lewis et al. 2008) . They were determined as D. longifolius but because the alar region of the leaves is not clearly visible, in accordance with our results, it is impossible to state correctly whether the material represented D. longifolius s. str. or D. capillifolius. Taking into consideration the fact that Victoria Land was situated in the close proximity of south-east Australia and juxtaposed Tasmania (Griffiths 1971) , one can speculate that this material may represent D. capillifolius rather than D. longifolius in its present circumscription. In any event, Lewis et al. (2008) have confirmed that Drepanocladus species with an excurrent costa inhabited the Antarctic continent before the onset of cooling that first brought a full polar climate to Antarctica at least 13.85 Ma, referred to as the middle-Miocene climatic transition (MMCT). It is assumed that these dry and freezing conditions have not subsequently been reversed. It is noteworthy that no species of Drepanocladus have been re-established in the continental Antarctic as this genus is currently absent from this area. This may suggest that Drepanocladus species are not able to withstand full glacial regimes, permanent ice cover and/or ice scour.
In the Antarctic lakes, Drepanocladus longifolius lives predominantly at greater depths of water, often under a thick ice cover which may persist on the lakes for long periods of time (Light and Heywood 1973) . For example, in winter, the thickness of the ice covering the West Lake on King George Island is ca. 1-1.2 m, whereas D. longifolius was documented growing submerged in this lake at 5-6 m depth (Li et al. 2009 ). Interestingly, D. longifolius has never been found in lakes where ice scour could occur, as reported from Signy Island (South Orkney Islands) by Light and Heywood (1973) . Priddle (1979) reported that specimens of two aquatic moss species, D. longifolius [as D. cf. aduncus] and Warnstorfia sarmentosa (Wahlenb.) Hedenäs, transported frozen for experiments, did not recover viability after thawing. On the other hand, La Farge et al. (2013) demonstrated in vivo regeneration of moss species that had been frozen under a glacier for approximately 400 years. Bryophytes are well known for their ability to survive cold conditions and thus it appears that such abilities may vary considerably among moss species.
Long-distance dispersal by wind is often invoked to explain biotic similarities between distant landmasses in the Southern Hemisphere (Muñoz et al. 2004 and references therein). Spores of bryophytes can be transported by air currents over short and even moderately long distances, provided that spores are very small (6-40 μm in diameter) (Van Zanten 1976) . In this context, it is important to note that Drepanocladus longifolius is a dioicous species rarely producing sporophytes. As a consequence, the plants are mostly sterile (Hedenäs 1997; Żarnowiec 2001; Ochyra et al. 2008a) . Taking this into account, airborne spore transport seems rather unlikely as a mechanism explaining effective (re)colonisation of Antarctic lakes by this species following Pleistocene glaciations. In this case, it seems more plausible that D. longifolius could have dispersed from source populations (continental refugia?) by migratory birds rather than by wind. Birds are known as dispersal vectors responsible for different types of disjunctions of many plant and lichen taxa (Du Rietz 1940). Lewis et al. (2014) provided first evidence for avian ectozoochory as an important factor in regional and global dispersal of bryophytes. They suggested that vegetative fragments of mosses are significant dispersal units for ectozoochory. In appropriate conditions (suitable habitat and period of the year), moss fragments could easily develop into mature plants, according to their totipotency capacities (Ward 1960; Sabovljević et al. 2003; Vujičić et al. 2012) .
Although lack of genetic variability of populations suggests a post-LGM colonisation for Drepanocladus longifolius in the Antarctic, for the same reason, it is difficult to propose location of its refugia and reconstruct its dispersal route. North to south colonisation, most likely from the continental part of its South American range, seems the most plausible scenario. However, a hypothesis of local terrestrial refugia in the considerably more southern areas, such as southern South America and/or sub-Antarctic Islands could not be excluded. Contemporary molecular studies, as well as palaeoecological and palaeoenvironmental research, support the persistence of plants on sub-Antarctic islands through the most recent glacial periods (Van der Putten et al. 2004; Van der Putten et al. 2009; Van der Putten et al. 2010; Wagstaff et al. 2011; Bartish et al. 2012) . Moreover, there is geological evidence that some terrestrial areas of the sub-Antarctic islands, e.g. Îles Crozet, the Falkland Islands and Macquarie Island, remained at least in part ice free during the LGM (Hall 2004) . Nevertheless, patterns of glaciations of sub-Antarctic islands remain unclear. Cold tolerant taxa may have endured also glacial periods in multiple local refugia distributed in central and southern Patagonia west and east of the Andes and in the Tierra del Fuego archipelago (southern South America). Some of these survivors likely managed range expansion towards higher latitudes after glacial periods (Fraser et al. 2012 and references therein) .
In summary, the historical biogeography of Drepanocladus longifolius seems to conform to a scenario which assumes that the majority of the Antarctic flora has originated fairly recently, with re-colonisation following the retreat of glaciers and ice sheets from their Pleistocene maxima (Peat et al. 2007 and references therein).
Phylogeographical signal or trace of genetic adaptation in the Antarctic populations?
The unique genetic polymorphism observed in our Drepanocladus longifolius data set was found in the only coding DNA region analysed. It constituted a missense single nucleotide substitution in a gene encoding plastid ribosomal protein S4, observed in the Antarctic populations from King George Island and Livingstone Island. While it may indicate a divergence of these populations due to isolation, this interpretation is challenged by a complete lack of variability observed in several non-coding regions examined. Interestingly, the detected single nucleotide polymorphism, causing alteration in amino-acid sequence of the gene, is correlated not only with geographical distribution but also with observed variation in ecological forms of the moss (deeply submerged aquatic in the Antarctic vs. shallow aquatic in other regions). Thus, it may alternatively be hypothesised that this genetic variation could have arisen as an adaptive response to the different light conditions. In land plants, protein S4 is involved in the assembly process of the 30S ribosomal subunit (Tahar et al. 1986; Harris et al. 1994; Yamaguchi et al. 2002) . In general, the S4 protein is responsible for translational accuracy and is sensitive to environmental conditions (Harris et al. 1994; Manuell et al. 2007) . It is well known that protein synthesis in the chloroplast is regulated in a light-dependent manner through effects on oxidation-reduction potential (Sharma et al. 2007 ). Deng et al. (2016) presented some significant positive correlation between the number of moss rps4 gene copies and chlorophyll a content, indicating a high accuracy in determining moss biomass.
In the maritime Antarctic, Drepanocladus longifolius is a typically hydrophytic moss species, growing permanently submerged in water of lakes and being a dominant element of the vegetation there. Notwithstanding the general light specificity of polar regions, due in particular to extended isolation from sunlight during the polar night, lakes additionally present a different photosynthetic environment from the land ecosystem. Priddle (1979) suggested that the different depth distribution of two aquatic mosses from Signy Island, D. longifolius (as D. cf. aduncus) and Warnstorfia sarmentosa were linked with their growth plasticity what could also be associated with their photosynthetic capacity. It should be noted that the low light levels in the deeper water of Antarctic lakes is not a limiting factor for vigorous growth of the aquatic mosses.
While the adaptive nature of the rps4 gene mutation observed in Drepanocladus longifolius remains hypothetical, it is suggested that single-site mutations could be a response to selective pressures (Tahar et al. 1986 ). Confronting this modification with a lack of non-coding (neutral) variability and palaeobotanical data, both indicating a recent (postglacial) establishment of extant lineages, may reflect an adaptive response of plants to the harsh Antarctic environment. This aspect requires additional, dedicated studies.
Conclusions
Complete lack of variability in all examined non-coding plastid and nuclear DNA regions among disjunct Drepanocladus longifolius populations supports its postglacial recruitment from extra-regional locations, rather than long-term persistence in situ in the Antarctic. However, due to a general lack of variation across the range, it is difficult to propose a location of its refugia and reconstruct its dispersal route. In contrast to homogeneous non-coding DNA regions, in representatives of D. longifolius from the maritime Antarctic, a missense mutation in the gene encoding plastid ribosomal protein S4 was detected. This variation could reflect an adaptive response to different light conditions correlated with observed variation in ecological forms: deeply submerged aquatic in the Antarctic vs. shallow aquatic in other regions.
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